The [FeFe]-hydrogenase CpHydA from Clostridium perfringens was immobilised by adsorption on anatase TiO2 electrodes for clean hydrogen production. The immobilized enzyme proved to perform direct electron transfer to and from the electrode surface and catalyses both H2 oxidation (H2 uptake) and H2 production (H2 evolution) with a current density for H2 20 evolution of about 2 mA cm -1 . The TiO2/CpHydA bioelectrode remained active for several days upon storage and when a reducing potential was set, H2 evolution occurred with a mean Faradaic efficiency of 98%. The high turnover frequency of H2 production and the tight coupling of electron transfer, resulting in a Faradaic efficiency close to 100%, support the exploitation of the novel TiO2/CpHydA stationary electrode as a powerful device for H2 25 production.
Introduction
Research of new energy sources in place of fossil fuels is of paramount importance and hydrogen is considered as a promising alternative because it is a renewable, clean and low cost energy carrier. For this purpose, hydrogen producing devices are being developed, including bio-hybrid devices in which hydrogenases can be used as efficient catalysts, in place of noble metals such as platinum [1] [2] [3] [4] . 5 To this end both [NiFe]-and [FeFe]-hydrogenases (H2ases) have been used on a wide variety of solid electrodes, such as pyrolytic graphite edge (PGE), glassy carbon and carbon felt electrodes, gold electrodes, TiO2 electrodes but also carbon nanotubes and nanowires, CdTe nanocrystals and CdS nanorods. Electrochemical, photoluminescence and Raman spectroscopy studies demonstrate that the hydrogenases remain catalytically active and therefore can be exploited as efficient catalysts [5] [6] [7] [8] [9] [10] . Several electrochemical setups have been proposed exploiting the catalytic properties of both 10 [NiFe]-and [FeFe]-hydrogenases from various bacterial and some algal species [6, [11] [12] .
Many types of carbon-based electrodes have been reported in the literature because of their non-specific interaction with hydrogenases and, most importantly, these biohybrid systems displayed high current densities. Moreover, carbon materials are less expensive compared to platinum electrodes and they have high electroactive surface area on which hydrogenases can be adsorbed, especially the carbon felt electrode [6] . 15 In previous years, semiconductor-based electrodes have attracted a great deal of interest both for hydrogenase-coupling in the perspective for the possible photoactivation by direct UV/Vis illumination or by mean of antenna systems coupled to the semiconductors.
Titanium dioxide was used because of its photochemical properties alone or coupled to sensitising dyes. In fact, the ability of RuP-TiO2 nanoparticles to absorb both UV and visible light has been exploited for light-driven H2 production by 20 D. baculatum [NiFeSe]-H2ase absorbed on it [7] . Not only titanium oxide, but also other materials like CdTe and CdS show intrinsic photochemical properties so the photochemical H2 production by CdS nanorod and CdTe nanocrystal [FeFe]-H2ase complexes has been well investigated [8, 13] .
To obtain a reliable electrochemical response, independently from the electrode material on which hydrogenases are immobilized, a very good electrical contact is fundamental to allow an efficient electron transfer between the enzyme and 25 the solid electrode surface. This is generally reflected in high efficiency in the electrocatalysis, with minimal uncoupling or wastage of electrons supplied by the electrode for molecular hydrogen production. In some cases, immobilization by simple absorption is sufficient and can be stabilized by hydrogen bonds, Van der Waals force, charge-charge and polar interactions between the side chain of superficial residues of the protein and the functional groups of the solid surface. This is the case of glassy carbon, carbon felt, PGE and also TiO2 electrodes. The advantage is the very simple and low cost procedure and 30 also the minimal interference with protein structure and stability, which might instead be negatively affected by the chemical covalent coupling procedures. In other cases, a covalent immobilization by means of flexible molecules that expose reactive functional groups is required to stably bind the protein in a correct orientation on the solid surface [14] [15] [16] [17] [18] .
In a recent work [FeFe]-hydrogenases from C. acetobutylicum and C. reinhardtii were covalently immobilized onto pyrolytic graphite modified with a carboxybenzenediazonium [19] . The efficacy of a covalent immobilization versus a 35 simple adsorption is usually measured in terms of good coupling and long-term bioelectrode stability. The direct electron transfer (ET) is influenced not only by interfacial electron transfer, which is overcome by means of a good electron coupling, but also by mass transport of the substrates from the bulk solution to the interface and of the products through the 3 opposite direction. Since hydrogenases generally possess high turnover frequencies, the mass transport could result in a limitation for catalysis. To overcome or minimize this problem, a rotating disc electrode (RDE) is often used [6, 19, 20 electrodes. The heterologous expression in E. coli was achieved thanks to a previously established system [23, 24] and it allowed to obtain a pure and active protein in good yields. Anatase TiO2 was used because of its ability to bind hydrogenases [9] with a favourable orientation for electron transfer by simple adsorption; this is possibly due to a major The resulting hydrogen producing bioelectrode was validated by chronoamperometric experiments and tested for production of hydrogen gas by quantitative measurement in gas chromatography. Efficiency and stability were studied and 25 results are discussed comparing the present system to others reported in the literature. The high efficiency and good stability of this biohybrid system provides a benchmark for alternative future devices for biohydrogen production.
Materials and Methods

Recombinant expression and purification
Recombinant expression of the hydrogenase CpHydA from Clostridium perfringens SM09 [22] was performed in E. coli 30 Rosetta2(DE3) as previously described [31] upon transformation of the competent cells with plasmid pECPF2655, obtained by ligating the entire coding sequence of CPF_2655 into the empty expression vector pECr1 [23, 24] between NdeI and XhoI sites. After the induction, cells were incubated over night under pure argon flow to maintain anaerobic conditions in a water bath at 30°C. To prevent oxygen inactivation of the active CpHydA all the following manipulations were performed into a glove box (Plas Labs) under an anaerobic hydrogen/nitrogen atmosphere; before use, all solutions were vacuumed, 35 equilibrated with the anaerobic atmosphere and supplemented with 2-20 mM sodium dithionite.
Purification of CpHydA was carried out under strict anaerobic conditions by affinity chromatography using Strep- Tactin   4 Superflow high capacity cartridges (IBA) and following manufacturer's instructions. The enzyme was eluted and stored in 100 mM Tris·HCl, 150 mM NaCl pH 8.0 supplemented with 2 mM sodium dithionite and 2.5 mM desthiobiotin.
Coomassie-stained SDS-PAGE was used to determine the purity and the molecular weight of the purified enzyme (64.7 kDa). Protein concentration was assayed with Bradford assay using bovine serum albumin as standard. 5 Hydrogenase activity (hydrogen evolution) of the purified enzyme in solution was tested as previously described [32] .
Hydrogenase activity assay
Briefly, 10 mM dithionite-reduced methyl viologen was used as artificial electron donor at 37°C in 100 mM Tris·HCl, 150
mM NaCl pH 8.0. The evolution of H2 both from the soluble enzyme with methyl viologen as electron donor and from the bio-electrodes poised at reducing potentials was quantified by gas chromatography using an Agilent Technologies 7890A instrument equipped with purged packed inlet, Molesieve 5A column (30 m, ID 0.53 mm, film 25 mm) and thermal 10 conductivity detector; argon was used as carrier gas. The typical activity of the purified soluble enzyme used for the immobilisation experiments was 1500 mol H2/min/mg of protein.
Enzyme immobilization
All experiments in this section were performed in 50 mM N-(2-Acetamido)-2-aminoethanesulfonic acid (Aces) pH 6.8
containing 100mM NaCl as additional supporting electrolyte.
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The anatase electrodes were manufactured by Solaronix (Switzerland). They are screen printed and supported on fluorine-doped tin oxide (FTO); the anatase layer is a disk of 6 mm diameter and 250 µm thickness composed of 20 nm nanoparticles (Ti-Nanoxide T/SP).
Enzyme immobilization was achieved as previously described for another [FeFe]-hydrogenase [9] in an anaerobic glove box (Belle Technology) under a pure nitrogen atmosphere. The enzyme solution was incubated on top of the TiO2 electrode 20 in a wet chamber at room temperature for approximately 2 hours. Control experiments were routinely performed using enzyme-free buffer. Before use electrodes were rinsed with anaerobic buffer.
ATR-FTIR spectroscopy
The spectra were acquired at room temperature using a Bruker Tensor 27 FT-IR spectrometer (Bruker Instruments). The 25 sample chamber was purged with 99.9999% pure nitrogen gas.
For the characterisation of CpHydA immobilized on anatase electrodes, the attenuated total reflectance (ATR) tool (Harrick Scientific Products) was used.
Spectra were acquired with a resolution of 2 cm -1 accumulating 256 scans. The baseline correction was obtained using the Opus 6.0 software (Bruker Instruments) by the concave rubberband algorithm. 
Electrochemical characterisation
Cyclic voltammetry experiments were carried out in the anaerobic glove box. The reference electrode was Ag/AgCl 3M NaCl (BASi); the counter electrode was made of a platinum wire and the stationary working electrode was the TiO2 electrode. All potentials have been corrected by +0.209 V to be referred to the Standard Hydrogen Electrode (SHE).
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Cyclic voltammetry was performed with Autolab PGSTAT12 potentiostat (EcoChemie) controlled by "General Purpose
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Electrochemical System" (GPES) software at a scan rate of 20 mV s -1 . All scans were initiated at the most negative potential. Current density was calculated by correcting for the electrode geometric area.
Stability test of the electrodes with CpHydA was performed by collecting cyclic voltammograms at 20°C over time, using the same electrodes (4 replicas) for several days (up to 8 days). Electrodes were stored at 4°C in anaerobic conditions.
Chronoamperometry was performed poising the working electrode at a potential of -741 mV vs SHE. The 5 electrochemical cell (BASi) was filled with 700 uL buffer solution and sealed with a rubber stopper. The gas phase was sampled with a SampleLock Gastight syringe (Hamilton) and analyzed by gas chromatography.
Turnover frequency (TOF) was calculated as the ratio between the moler of H2 produced at the end of the experiment and the moles of enzyme immobilized, assuming that all the enzyme was adsorbed and electro-active.
The Faradaic efficiency was calculated as the ratio between the moles of H2 produced by the electrode and the equivalent 10 of electrons passed through the electrode. The equivalents of electrons were measured by the mathematical integration of the current traces obtained during chronoamperometry experiments.
Results and discussion
Immobilization on anatase electrodes of the Clostridium perfringens [FeFe] hydrogenase
The novel [FeFe] hydrogenase CpHydA from Clostridium perfringens SM09 studied in this paper was newly isolated from 15 a highly efficient hydrogen producing pilot plant, and was employed as biocatalyst to modify a TiO2 nanostructured electrode. The active soluble enzyme was immobilised by a simple and low-cost adsorption technique and subsequently these bioelectrodes were characterised for their features and performances as hydrogen producing devices.
Adsorption of CpHydA on anatase electrodes was firstly probed for structural integrity of the enzyme by ATR-FTIR spectroscopy. Figure 1A amide III band (in the range 1200-1400 cm -1 ) is associated to the in-phase combination of the N-H bending with C-N stretching vibration and is also influenced by side chains structure [33] . The ATR-FTIR spectrum indicates that the enzyme 25 is bound to the surface and that the secondary structure is conserved
The functionality of the immobilized enzyme was investigated on the static electrode by cyclic voltammetry (fig. 1B ).
The electrodes with immobilized CpHydA have a reductive catalytic current due to the H + reduction to H2 (namely H2 evolution) that has an onset potential of about -400 mV vs SHE. In the presence of exogenously added H2, also an oxidative catalytic current due to H2 oxidation (namely H2 uptake) can be detected. It is also possible to observe that the addition of 30 H2 does not cause a large current drop in the reductive region, demonstrating that the immobilized CpHydA does not suffer from product inhibition under these conditions, as previously observed for similar enzymes [34] . The overall behaviour is coherent to that observed before for other [FeFe]-hydrogenases immobilized on TiO2 electrodes [9] .
Cyclic voltammetry demonstrates that CpHydA is immobilized in an active form and that it can perform direct electron transfer with the electrode. Also, the current density observed in H2 evolution is about 2 mA cm -1 , which is significantly 35 higher than previously reported on static electrodes [6, 9] .
The effect of protein concentration was investigated ( fig. 1C ) to determine the optimal amount of CpHydA to be used,
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that was found to be the lowest tested concentration: 0.1 mg/mL (i.e. 1.5 µM). This concentration gives the highest possible current density and increasing concentrations do not result in an improvement of the catalytic current.
The stability of the electrodes with CpHydA was tested over time ( fig. 1D ). Cyclic voltammograms were collected using the same electrodes for several days and the current decay was plotted and fitted with an exponential equation. A significant current can be detected up to 4 days with a calculated half-life of 1 day; these values are similar to previous 5 reports where both adsorption and covalent immobilization on carbon electrodes were used [19] . 
Hydrogen evolution from the electrodes
To test the ability of the TiO2/CpHydA electrode to produce hydrogen, chronoamperometry experiments were performed and the gas accumulated in the head-space of the reaction vial was analysed by gas chromatography ( fig. 2 ). The current traces showed a current drop that is typical of immobilized redox enzymes and that has been attributed to both inactivation and desorption [9, 19, 35, 36] Nevertheless, in this case the current drop after 30 minutes is much smaller when compared to another [FeFe]-hydrogenase adsorbed on TiO2 [9] ; moreover, when the current drop is compared on the time-scale of hours, it is similar to that observed with [FeFe]-hydrogenases covalently immobilized on carbon electrodes [19] .
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Gas chromatographic analysis of the gas phase showed the presence of H2 only when CpHydA was immobilized. The
Faradaic efficiency of the process, calculated as the ratio between the produced H2 and the electrons used, is very high: 98 ± 1% (Table 1 ). The turnover frequency (TOF) calculated for this system is ≥4 s -1 , assuming that all the protein loaded onto the electrode is actually electroactive (Table 1) .
20 Table 1 . H2 evolution from the electrode. The Faradaic efficiency was calculated as the ratio between the total amount of H2 evolved and the number of electron equivalents used, The turnover frequency (TOF) was calculated as the ratio between the total H2, the amount of protein and the time. Since cyclic voltammograms of hydrogenases always display catalytic currents, due to the presence of protons as substrate, the quantitation of the adsorbed protein in electroactive form is very difficult. The estimate amount of immobilised protein on surfaces by ATR-FTIR has been proposed in some systems on the basis of the recorded intensity of the amide I, II and III signals [37, 38] but the quantitation suffers from several uncertainties due to the thickness of the system during cell assembly. In this case the measurements were performed on the protein adsorbed on the TiO2 electrode layered on the FTO 5 glass, a thick and fragile support, and the protein-TiO2 surface system was then placed in contact with the Germanium crystal and tightened. The recorded amide II band intensities were below 1 mAU (Fig 1A) . A very approximate comparison with a published study of amide II intensity of known concentration of standard proteins [37] suggests that such intensities are measured for maximum protein concentration of 0.05 g/cm 2 , i.e. in our system 0.0145 g of total immobilised protein.
Total
The turnover number of 4 s -1 was calculated on a total protein loading of 2 g (20 l of a 0.1 mg/ml protein solution loaded 10 onto the electrode, which means 30 pmol), i.e. a total biocatalyst amount overestimated by two order of magnitude. The turnover number of ≥4 s -1 is therefore a largely underestimated value, and it is more likely in the range of hundreds s -1 ,
given the estimate proposed above and considering that the amount of protein loaded onto the electrode for adsorption is for sure in excess and that a thorough electrode rinsing was performed before testing the behaviour in chronoamperometry. 
Conclusions
The adsorption of a novel hydrogenase catalyst onto TiO2 granted the development of a bioelectrode with extremely high Faradaic efficiency, close to 100%, and with a good stability over time, comparable with other adsorption-based systems 20 [19] . The preparation is quite simple and straightforward and the cost of the starting material is kept low due to the large availability of titanium and to the very low production cost of TiO2 nanoparticles. The advantage of TiO2 being a non-toxic and stable semiconductor strengthen the results reported here. This also paves the way for photoactivation trials, especially
given the high coupling of electron transfer efficiency to the biocatalyst. Other very interesting semiconductors, which similarly have been coupled to hydrogenases for electro-and photo-production of hydrogen [8, 10] , although their higher 25 turnover frequencies, suffer from some drawbacks given by high toxicity. This has to be taken into account when comparing to TiO2 based systems: they might counterbalance a lower turnover number with a higher long-term sustainability. The excellent coupling properties of this hydrogenase with the static bioeletrode suggest a possible applicative outcome for hydrogen production, with hydrogenase replacing rare-metal platinum catalyst. This has been proposed and supported in several reviews as a valuable perspective for future trends in hydrogen production [40, 41] . In 30 fact hydrogenase catalyst works on a Fe based chemistry, therefore does not require highly expensive and rare metals.
The approach here presented, i.e. the exploitation of a novel hydrogenase recently isolated from a highly productive hydrogen pilot-plant fed with waste material [22, 23] , is strengthening the efforts towards a systematic identification of ideal biocatalysts to grant sustainable energy production. 35 
